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ABSTRACT
TEMPORAL CHARACTERIZATION OF A THERMOREFRACTIVE OPTICAL SWITCH
Name: Balia, Robin
University of Dayton, 1991
Advisor: Dr. R. J. Becker
The temporal characteristics of a novel passive 
thermorefractive switch were investigated. Consisting of an 
array of hollow capillaries submerged in a liquid, the switch 
is activated by the absorption of coherent radiation at the 
array surface. Induced local boiling scatters the incident 
light and turns off the switch. Several combinations of 
modified commercially available microchannel plates with 
different liquid cores were examined. Response times as low 
as 24 ns were measured. The performance of the switch was 
shown to improve as the liquid approached its boiling 
temperature. The response of the switch was also shown to 
improve rapidly with increasing optical fluence until a
critical threshold was reached. Fluences above threshold
resulted in response times which were in agreement with the 
minimum predicted values.
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CHAPTER I
INTRODUCTION
An optical switch is an important component of many 
optoelectric devices and systems. Such switches are used to 
modulate the intensity, frequency, phase, and polarization of 
electromagnetic radiation. Optical switches should have high 
extinction ratios, fast response times, high transmission 
during the "on" mode, and should be compact. These devices 
should also operate at any wavelength within a desirable 
spectral band. This thesis examines these properties for the 
case of a thermorefractive optical switch. It is a passive 
device consisting of an array of liquid-filled capillaries, 
which modulate the intensity of incident light. The operation 
is based on a large response-to-stimulus ratio due to the 
heating of a volatile liquid held near its boiling point. 
Rapid switching to a state with a high optical density in 
response to the absorption of optical radiation is achieved 
through two modes of operation: the thermorefractive mode and 
the phase change mode. In the thermorefractive mode, the 
liquid is heated just below the boiling point, maximizing'the 
difference between the refractive indices of the liquid 
capillary core and cladding material [Kullen, 1989]. This
1
2difference in refractive index promotes the absorption of the 
optical signal into the thermal insensitive cladding. Optimum 
operation in this mode requires long (-2 cm) waveguides 
[Kullen, 1989]. In the phase change mode, local boiling is 
induced at the front face of the capillary. The state change 
of the liquid into a vapor bubble with a refractive index of 
unity induces scattering of the light into the matrix material 
and the surrounding liquid, as shown in Figure 1. This mode 
requires the absorption of energy equal to the liquid's latent 
heat of vaporization. The switch operation in the phase 
change mode is discussed further in Chapter II. Both modes of 
operation were used in characterization of the switch, with 
emphasis on improving the formation of bubbles in the phase 
change mode.
Figure 1. Activation of the Thermorefractive Switch.
3The operation of the thermorefractive switch in the 
thermorefractive mode has been previously investigated 
[Kullen, 1989]. The switch in this mode is composed of a 
multimode optical waveguide having a liquid core and a highly 
absorbing cladding material. The cladding index of refraction 
is insensitive to changes in temperature. The larger 
refractive index of the core decreases as the temperature of 
the liquid approaches the boiling point. Optical transmission
losses occur as the refractive index difference between the
core and the cladding is reduced. The numerical aperture and 
the number of fiber modes undergoing total internal reflection
are decreased as the refractive index difference is
eliminated. The incident light is then absorbed by the 
cladding material. The incident light is also scattered by 
the air bubbles that form within the capillary as the core 
temperature approaches its boiling point.
The performance of the optical switch in the 
thermorefractive mode is restricted by the properties of the 
core and cladding materials [Kullen, 1989]. The available 
cladding materials are usually either plastic or glass. Both 
materials have high refractive indices greater than 1.3. 
Liquids having high refractive indices are usually toxic and 
attack the cladding materials. Most of these liquids also 
have high boiling points greater than 100 °C. Thus, a 
tradeoff exists between materials compatability and operating 
characteristics. The cladding must be several wavelengths
4thick to provide optical insulation of the fiber, especially 
when a bundle of fibers is used s a spatial light modulator
(SLM).
Operation of the thermorefractive switch in the phase 
change mode reduces the need for a liguid core with a 
refractive index much larger than the fiber cladding. Thus, 
the choice of a liguid is no longer limited by the 
availability of nonvolatile liguids with a high refractive 
index and a low boiling point, which were needed in the 
thermorefractive mode. The cladding no longer needs to be 
several wavelengths thick, as long as the clear-area-ratio is 
high and the array is thin. The waveguides can be thinner, 
because switching takes place at the front face of the 
capillary instead of in the middle. The characteristics of 
the liguid and array, and the design of the cell are discussed 
in Chapter III.
For a better understanding of the phase change mode, the 
principles of bubble nucleation at a heated surface are 
discussed in Chapter II. A physical model of the switch 
operation is also given.
The performance of three swit 'h systems is studied. The 
effects of the temperature of liquid Freon 113 on the response 
time of the cells containing the ar^ay produced by Collimated 
Holes, Incorporated (CH array) or the one produced by Galileo 
Corporation (G array) are examined. The effects of switching 
pulse fluences on these two cells, along with the CH array and
5Freon 11 cell, are studied. The effects of repetitive damage 
to the CH array from high fluence switching pulses are also 
investigated.
The goals of this thesis are to show that (1) the 
response time is greatly improved as the switching pulse 
fluence is increased to a critical value, called the 
activation threshold, after which an increase in fluence has 
little effect on the reduction of the response time; (2) the 
response time is reduced as the liguid temperature approaches 
its boiling point; (3) the switch can withstand several 
damage-causing switching pulses, before its response time is 
degraded; and (4) optimum switch performance, characterized by 
a high relative extinction and a fast nanosecond response 
time, is achieved when the switching pulse fluence is slightly 
above threshold and the liguid temperature is maintained at 
its boiling point. This thesis will also show the effects of 
different combinations of liquid temperature and switching 
pulse fluence on the response time and relative extinction of 
the probe beam. An interpretation of the type of nucleation
that corresponds to these effects will be given.
CHAPTER II
THEORY
The principles of boiling for a liquid at a heated 
surface must be understood to arrange for efficient operation 
of the thermorefractive switch. As discussed by Rohsenow 
[1964], boiling begins when the wall temperature (T ) of the 
surface is raised above the liquid saturation temperature 
(Tsat) . Boiling involves three major stages of development: 
evaporation, nucleate boiling, and film boiling. These stages 
are shown in Figure 2, which is a characteristic boiling curve 
of water held at saturation temperature and heated by a
horizontal wire.
Figure 2. Stages of Boiling at a Heated Surface. [after 
Rohsenow, 1964]
6
7In the early stages of boiling, evaporation occurs at the 
liquid surface. Bubble nucleation begins as the difference 
between the surface temperature and the liquid saturation 
temperature (AT = Tw - Tsat) is increased. Initially, bubbles 
form at preferred points along the heated surface. The 
bubbles increase in size and number and escape to the liguid
surface. A further increase in AT leads to the unstable
formation of a vapor film on the heated surface. A permanent 
vapor film eventually forms with a departing stream of
bubbles.
Bubble nucleation plays a significant role in the 
performance of the thermorefractive switch; however, no 
current theoretical model has accurately described it. Most 
models suggest that existing "nuclei" form into bubbles. As 
discussed by Rohsenow [1964], these bubble sources could be 
(1) pockets of vapor molecules in the liguid which combine to 
form larger cavities, (2) groups of molecules, caused by 
thermal fluctuations of the liguid molecules, with vapor state 
energies , (3) the sudden change of state from a liquid into
a vapor, (4) gas which has been injected and dissolved in the 
liquid, and (5) vapor or gas trapped within small surface 
crevices. Several of these sources could simultaneously 
develop into bubbles; however, the gas trapped within the 
microscopic fissures of a heated surface is readily nucleated.
"The noncondensable gases dissolved in a liquid readily form 
into bubbles on a heated surface" [Hetsroni, 1982].
8The difference between the surface temperature and 
saturation temperature, which is required to form a bubble at 
a solid heated surface, is always lower than the AT required 
to nucleate a bubble in a pure liquid [Hetsroni, 1982]. This 
temperature difference may also be above or below the AT 
required for nucleation of the vapor or gas trapped in 
cavities. The geometry of the heated surface determines the 
degree to which AT is reduced. Several types of surfaces are 
shown in Figure 3. The plane geometry may represent the array 
surface, while the spherical and conical surfaces may 
represent flaws and scratches in the array.
Figure 3. Nucleation Cavities. (a) plane surface,
(b) spherical projection, (c) spherical cavity, 
(d) conical cavity. [after Hetsroni, 1982]
9The shape of the surface and wetting ability of the 
liquid affect the balance of surface tensions at the vapor- 
liquid, vapor-solid, and liquid-solid interfaces of a bubble 
attached to a surface [Hetsroni, 1982]. A temperature 
difference smaller than the AT required to cause nucleation in 
a liquid is used to overcome these surface tensions and 
promote bubble growth. A perfectly nonwet surface requires 
the minimum AT needed for nucleation, while a wet surface 
needs the same AT used to form a bubble in a pure liquid.
The wetting ability of a liquid also determines the 
reusability of a surface fissure as a nucleating cavity 
[Rohsenow, 1964]. The repetitive operation of the 
thermorefractive switch may be affected by this problem. A 
nonwetted cavity, such as the one in Figure 4b, is an example 
of a reusable bubble source. The interface of the trapped 
vapor bubble never completely recedes as the vapor pressure 
falls below the liquid pressure during the system "cool down." 
On the other hand, a wetted cavity, such as the one in Figure 
4a, can be used only once, since the vapor pressure must 
always exceed the liquid pressure. This requirement causes 
complete condensation of the bubble as the vapor temperature 
falls below saturation temperature. This expiration of the 
wetted cavity as a nucleating agent does not present a problem 
in normal boiling, because the bubble remains attached to the
10
surface long enough to distribute some of its vapor to the 
adjacent cavities. However, wetted cavities may be 
troublesome in localized boiling.
Jl
(a) (b)
Figure 4. Liquid-Vapor Interfaces in Conical Cavities.
(a) wetted, (b) nonwetted. [after Rohsenow, 1964]
Nucleating cavities may be deactivated by an effect 
called hysteresis. "Hysteresis is the overshooting of the 
wall temperature with increasing heat flux in natural 
convection and a significant drop in the superheat (AT) when 
boiling begins. This effect is usually evident with 
refrigerants and liquid metals" [Hetsroni, 1982].
Effects of Liquid Temperature on Bubble Growth
The growth and collapse of bubbles are affected by the 
temperature of the liquid environment, as discussed by 
Rohsenow [1964]. In a degassed liquid whose temperature is 
lower than the boiling point (T < Tb ), bubbles at a heating 
surface undergo a repetitive cycle of formation and collapse. 
Once the temperature of the heating surface exceeds the
boiling point of the liquid, the gas absorbed within the wall
11
cavity is coalesced into a tiny vapor bubble. Further growth 
in size is caused by the evaporation of the surrounding 
liquid. The bubble growth is reduced as the liquid cools and 
flows between the bubble and the heating surface. Once the 
bubble reaches the saturation temperature, condensation begins 
at the top of the bubble and causes the bubble to collapse 
when the condensation rate exceeds the rate of evaporation. 
As the bubble collapses, cold liquid reduces the local 
temperature of the surface and retraps the gas. This cycle 
will repeat if the surface is heated continually. A further 
reduction in the liquid temperature below the boiling point 
(T Tbp) will increase the collapse rate, decrease the maximum 
bubble size, and decrease the total lifetime of the bubble.
In a degassed liquid which is preheated to a temperature 
near its boiling point (Tt a Tfap), the bubbles detach before 
collapsing. The lack of net condensation prevents the 
collapse of the bubble. However, the growth rate is reduced 
by the cooler liquid. This life cycle will continue if the
surface remains heated.
Thermal Conductivity and Surface Tension
Nucleation boiling is affected by the thermal 
conductivity of the liquid [Rohsenow, 1964]. A liquid with a 
low thermal conductivity has a reduced rate of heat transfer 
to the bubbles, thereby decreasing the bubble growth rate. 
The condensation rate at the vapor-liquid interface in the 
cooler liquid region also decreases. Thus, bubbles will
12
depart from the surface when the liquid temperature is kept 
below the boiling point. A liquid with a low surface tension
exhibits a similar effect.
Bubble Size and Growth
The size and growth of a bubble are governed by the vapor 
pressure (pv) and gas pressure (p ) inside the bubble, the 
liquid pressure (pt), and the surface tension (cr) [Rohsenow, 
1964, Hetsroni, 1982]. The equation for thermodynamic 
equilibrium at the liquid-vapor interface of a spherical 
bubble consisting of vapor and a mass mg of gas is
PV - p. = — - Pg ' (1)
where r is the radius of the bubble. The pressure of an inert 
gas is
where Tv is the vapor temperature and Rg is the gas constant. 
Equation (1) shows that excess pressure is required to promote 
bubble growth and the amount by which the vapor pressure 
exceeds the liquid pressure is reduced by the presence of a 
gas in a liquid. Figure 5 shows a plot of the excess pressure 
as a function of bubble radius for several given gas contents. 
The maximum of each curve represents the critical radius of a
13
setting it equal to zero. This yields
m
ra;<3' \ 8ko
or
Figure 5 shows that an increase
bubble increases the magnitude of the
4 o
3 (Psac’P?
bubble, which is defined as the maximum radius for which a 
nucleus containing a mass mg of gas will be stable. It is 
obtained by taking the partial derivative of the right hand 
side of Equation (2) with respect to the bubble radius, and
a critical radius of
(3)
(4)
in gas content of a
critical radius for a
given excess pressure. It also shows that in the absence of 
gas, the equilibrium radius increases with a decrease in the
excess pressure.
The size of the gas or vapor nucleus with respect to the 
equilibrium or critical radius determines the growth or 
collapse of a bubble [Hetsroni, 1982]. A pure vapor nucleus 
above equilibrium size continues to grow, but one below 
equilibrium size collapses. The addition of gas into the 
nucleus prevents the collapse of a bubble. Instead, a gas- 
vapor nucleus below equilibrium size continues to grow until 
it reaches equilibrium. A gas-vapor nucleus with a radius 
larger than the equilibrium radius but smaller than rc
14
decreases to its equilibrium 
collapsing. A gas-vapor nucleu 
pure-vapor nucleus that is Is 
and continues to grow.
size without completely 
greater than rc acts like a 
than its equilibrium radius
Radius (cm)
Figure 5. Excess Bubble Pressure Versus Bubble Size. 
Hetsroni, 1982 ] .
[after
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Physical Model
The thermorefractive optical switch is activated by the 
absorption of optical radiation into the matrix of the array 
surface. Bubbles are formed when the surface temperature of 
the array exceeds the boiling point of the liquid. The 
activation energy required to form these bubbles is 
proportional to the square of the bubble’s diameter. These 
gas and/or vapor bubbles have refractive indices very close to 
unity. The bubbles scatter the light into the surrounding 
liquid and matrix material, preventing further passage of 
light through the array. The bubbles collapse as the liquid 
and array cool, which returns the switch to its passive state.
The response time of the switch is determined by the rate 
at which the bubbles form and grow. The rate of bubble 
formation is a collective thermodynamic process. The fastest 
rate at which this type of process can develop is the speed of 
sound in a medium. For a liquid medium, this is about 
1000 m/s. Therefore, the minimum time for a bubble nucleated 
at one point to grow and reach a second point 1 gm away is 
about 1 ns. Thus, the diameter of the optical waveguide 
limits the response time of the device. The minimum response 
time of the switch is given by
t = d/v, (5) 
where d is the diameter of the waveguide and v is the velocity
of sound in the liquid medium
16
The switching process may be enhanced by using a high 
opacity, highly absorbing, low thermally conductive matrix. 
Conversion inefficiencies occur when laser energy is converted 
into heat at locations other than the surface of the array. 
The greatest conversion loss for a short laser pulse is a 
large optical penetration depth in the matrix material. For 
larger laser pulse widths, the efficiency of the conversion of 
laser energy to bubble formation is reduced by thermal 
conduction to the interior of the array and by conduction and 
convection throughout the liquid.
CHAPTER III
THERMOREFRACTIVE CELL
A special cell was designed and constructed to 
investigate the thermorefractive approach to intensity
modulation. The core of this thermorefractive cell consists
of an array of capillaries with micron-sized holes submerged 
in a liquid bath. Some characteristics of the capillary 
arrays and the properties of their liquid cores are discussed 
in this chapter.
Array Materials
The two types of arrays used in the experiment are 
bundles of short capillaries. The cladding material of both 
types are made of black glass. One array, produced by 
Collimated Holes, Incorporated (CH array), is cut normal to 
the direction of propagation of the fibers. Another thinner 
array, produced by Galileo Electro-Optics Corporation 
(G array) , is cut at an 8-degree angle to the waveguide 
propagation. Table 1 lists some of the characteristics of the
arrays.
17
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TABLE 1
CHARACTERISTICS OF ARRAYS
Collimated Holes Galileo
Diameter (cm) 2.54 3.27
Thickness (cm) 0.434 0.102
Hole Diameter (^m) 15-20 25
Open Area Ratio 60% 53%
Refractive Index 1.52 Very
High
Liquid Core
Freon 113 and Freon 11 were used as the liquid cores. 
Some properties of the Freon compounds are listed below in 
Table 2. Their properties are comparable except for their 
boiling points. Freon 11 has a boiling point of 23.8 °C, 
which is near room temperature.
TABLE 2
PROPERTIES OF FREON 113 AND FREON 11
Freon 113 Freon 11
Boiling Point °C
0 F
47.6
117.6
23.8
74.9
Specific Heat (cal/g-’C) 0.218 0.208
Liquid Thermal Conductivity 
at 25 °C liquid
vapor
0.0434
0.0044
0.0506
0.0045
Refractive Index 1.354 1 . 374
19
Cell Design
The thermorefractive cell shown in Figure 6 is
constructed from a block of either white delrin or white
teflon plastic. The central portion of the cell is hollowed 
out to hold the array and liquid bath. The cell is sealed 
with two glass windows, which are clamped with aluminum 
brackets against an o-ring. Each water white glass window is 
3 mm thick and 70 mm in diameter. A reservoir at the top of 
the cell is connected to the cell center by a smaller duct. 
The reservoir provides an escape for the air bubbles formed 
within the cell center. It also maintains the liquid level 
above the array by replenishing the liquid that evaporates 
during testing. The low boiling point of Freon 11 requires a 
cover for the reservoir to limit the amount of boiling. The 
lid is sealed tightly against an o-ring.
Two mounts made from a dark gray or white delrin plastic 
were designed to secure the array within the cell and prevent 
the formation of air pockets. A recessed ledge in one mount 
holds the array in place, while the other holder gently clamps 
the array to prevent motion during testing. The combined 
thickness of the two holders and the array is slightly thinner 
than the inner thickness of tne cell, providing a thin layer 
of liquid on the front and back sides of the cell. The array 
holders also prevent light from propagating around the array. 
A wedge of plastic is removed from the top of both holders to
allow escape of the air bubbles formed during testing and to
20
provide a passageway for the liquid during the filling of the 
cell. The dark gray holders are preferred, because they help 
absorb energy and prevent the scattering of light.
--------“K
Figure 6. Thermorefractive Cell.
The second mount also functions as the external heater.
A high-resistance nichrome wire is woven through the holes 
drilled in the mount, as shown in Figure 7. Two leads exit 
the cell through the reservoir and are connected to a variable 
voltage/current supply (made by J. Michael Aulds at the
University of Dayton). A thermocouple is wired through the
21
reservoir and positioned near the upper portion of the front 
surface of the array. The thermocouple is connected to a 
Model HH23 Omega microprocessor thermometer to record the 
temperature.
Figure 7. Array With Thermocouple and Heating Element.
CHAPTER IV
EXPERIMENTAL PROCEDURE
The response time of the thermorefractive switch is a 
measurement of the initial reaction of the probe beam to the 
absorption of laser radiation during the impact of a single 
pulse of ruby laser energy on the liquid-filled array. In 
this chapter, the optical setup, alignment techniques, and 
experimental procedures used to measure the response time of 
the thermorefractive switch are described. The arrangement of 
the entrance optics of the probe beam and switching inducer, 
and the design of the detection system are given. The 
difficulties in aligning the entrance and exit optics are also 
addressed in this chapter. The procedures used for studying 
the rate and degree of attenuation of the probe beam as a 
function of liquid temperature and the switching pulse fluence 
are also described. The procedure used for studying the 
effect of multiple switching pulses (which cause damage to the 
array) on the performance of the switch follows.
22
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Setup
The experimental setup used to characterize the temporal 
response of the thermorefractive optical switch is shown in 
Figure 8. The system consists of four main parts: the probe 
beam, the switching inducer, the thermorefractive cell, and 
the exit optics. A continuous-wave argon-ion laser (510 nm 
wavelength) provides the probe beam signal and functions as a 
localized external heater. Mirrors Ml, M2, and M3 direct this 
probe beam normal to the surface of the cell. Lens L5 focuses 
the probe beam onto the sample array. A shutter is placed in 
the path of the probe beam to control the absorption of 
optical radiation by the liquid and array matrix. A glass 
plate reflects a portion of the probe beam onto a photodiode 
to monitor the argon laser power, which is displayed on an NRC
power meter.
The switching inducer is a high-energy, single-pulsed 
ruby laser (694 nm wavelength). Lenses LI, L2, and L3 
collimate the switching pulse. A portion of the switching 
pulse is reflected from a microscope slide, BS1, and sent into 
a fast photodiode to characterize the ruby laser pulse. A 
black metal shield covers these entrance optics and the 
photodiode to contain the reflections from the ruby laser 
pulse. The photodiode output pulse is captured and stored in 
a Tektronix 2232 digital storage oscilloscope. A glass 
window, BS2, transmits most of the collimated beam into a 
calorimeter, since the ruby laser and the calorimeter both
24
Screens
Ruby
Laser
Ruby beam 
Argon beam 
Enclosure 
A Aperture 
L Lens
M Plane mirror 
BS Beamsplitter 
HV High voltage 
P Prism
Figure 8. Experimental Setup.
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operate efficiently at high energies. The measured activation 
energy of each pulse is displayed on a digital power and 
energy indicator. About 9 % of the displayed energy value is 
reflected from the beamsplitter and directed by mirror Ml onto 
the thermorefractive cell. The switching pulse propagates at 
an angle of -30° to the surface normal of the array. The 
switching pulse is focused by the lens, L4, onto the sample 
array within the cell. A 0.5 mW, 632.8nm He-Ne laser is 
mounted within the ruby laser and aligned coaxially with the 
ruby laser pulse. The He-Ne laser beam, reference beam A, is
used for primary alignment of the switching beam. A shutter
is mounted between the He-Ne laser and the rear reflector of
the ruby laser and is operated by a digital controller.
The portion of the probe beam, which is transmitted 
through the thermorefractive switch, is detected by a Cetron 
931A, side-on photomultiplier tube (PMT). The PMT operates 
over a spectral range of 300-600 nm. It has a typical gain of 
5.5 x 106, a transit time of 18 ns and a rise time of 1.8 ns. 
The PMT is encased in a protective housing with a radio 
frequency interference (RFI) and magnetic shielding. The PMT 
signal is stored in channel 1 of the digital oscilloscope to 
observe the effects of switching on the attenuation of the 
probe beam.
A second He-Ne laser beam is directed along the path of 
the probe beam by the beamsplitter, BS4 . This He-Ne laser 
beam, reference beam B, is used to align the exit optics. A
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series of lenses, prisms, and stops are positioned in the exit 
optics to protect the PMT from any ruby laser radiation that 
may leak through the cell. The transmitted probe beam is 
collected and collimated by lens L6. The prisms are 
positioned to provide maximum separation of reference beam B 
and the probe beam. The 632.8 nm wavelength reference beam B 
is separated from the 510 nm wavelength probe beam by prism 
Pl. The switching beam is sent into a beam dump constructed
from a black cardboard box filled with steel wool. A second
prism, P2, is used to remove any additional ruby laser 
radiation that is not collected by the first beam dump. A 
baffle is placed in the exit optics to block the switching 
pulse that was separated by the second prism. The probe beam 
is focused onto a small (-1 mm diameter) aperture by lens L7, 
and it is focused onto the PMT by lens L8. The exit optics
are covered with a dark metal shield and a black cloth to
block out any additional stray light from the flashlamp 
background. Several ruby rejection filters and a 510 nm 
bandpass filter are placed directly preceding the PMT to help 
limit detection to that of the probe beam.
A1ignment
Initially, the system was aligned with reference beam A, 
the ruby laser, and the argon laser. First, the reference 
beam A was centered in a burn mark produced by the ruby laser. 
Because the Brewster stack within the ruby laser cavity 
produces multiple beams, the brightest and centermost beam was
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used as the reference. Next, the probe beam was directed by 
mirror M4 along the normal to the surface of the cell mount. 
The probe beam was tightly focused by lens L5 onto the center 
of the mount at the approximate location of the array. The 
reference beam A was then directed by mirror Ml onto the 
focused probe beam at an angle of approximately 30c. Lens L4
was used to focus reference beam A. A burn mark was obtained
at the point where the two beams converged. If the spot size 
of the switching pulse appeared smaller than the spot size of 
the probe beam, laser reference beam A was focused further 
into the array until the burn mark of the ruby laser pulse was 
larger than the probe beam.
Once the entrance optics were aligned, the carefully 
prepared cell was placed on its mount in the plane of 
convergence of the switching pulse and the probe beam. The 
transmission of the probe beam through the cell was then 
maximized. The incident probe beam was attenuated during 
alignment to prevent the liquid from boiling within the cell. 
The introduction of the 1 iquid-f il led cell into the 
experimental system required additional alignment adjustments, 
because the probe beam and switching pulse overlap was 
displaced from the array surface. The array was recessed in 
the cell behind a glass window and a layer of liquid. The 
refractive index of the glass window did not match the 
refractive index of the liquid. This caused visible 
distortions in the two beam paths. The different wavelengths
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and directions of propagation of reference beam A and the 
probe beam cause both beams to refract differently inside the 
cell, so that the beam centers no longer overlap. The cell 
was translated along the axis of the probe beam, and the beams 
were slightly readjusted to achieve overlap. The black 
surface of the array absorbed most of the low intensity 
reference beam A, reducing its visibility to the human eye. 
The more intense probe beam also washed out the reference 
beam A. The two beams at the array surface were viewed from
different angles to avoid laser beam reflections from the 
cell. This procedure increased the perceptual distortions in 
the positions of the two beams in the cell. The alignment 
difficulty was enhanced with the G array, since the angular 
axis of the waveguides required the cell to be mounted at an 
angle to the incident beam to maximize the transmission of the 
probe beam through the cell.
The exit optics were aligned with the probe beam and 
reference beam B. The probe beam was collimated (over a 
minimum distance of six feet) by lens L6 to ensure maximum 
efficiency of the prism set. Prisms Pl and P2 were oriented 
for maximum deviation of the probe beam and reference beam B. 
Once the best orientations of both prisms were obtained, prism 
P2 was translated further along the path of the probe beam 
until reference beam B propagated outside of prism P2. A beam 
dump collected the unwanted ruby laser radiation. Lens L7
collected the probe beam exiting the prism set and focused it
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onto a variable diaphragm. The aperture was set slightly 
larger than the diameter of the focused probe beam. The 
aperture was used as an additional safeguard against unwanted 
ruby laser light. Because the switching pulse laser produced 
longer wavelength radiation, the switching pulse was refracted 
by the prism set differently than the reference beam. Thus, 
the focus of the switching pulse is displaced from the focus 
of the probe beam and is blocked by the opaque portion of the 
aperture. Lens L8 focused the probe signal onto the detector. 
Ruby laser rejection filters and argon laser bandpass filters 
were placed in front of the PMT to prohibit the detection of 
stray ruby laser or flashlamp radiation.
Procedure
The output signals from the photodiode monitoring the 
switching pulse and the PMT monitoring the probe beam were 
sent to the digital storage oscilloscope. Both signals were 
terminated at 50 fi to provide a fast response time. 
Unfortunately, this resulted in a lower level of the output 
signal from the PMT. The output power of the argon laser and 
the high voltage of the power supply were adjusted until an 
optimum PMT output signal with a low noise level was obtained. 
Then, reference beam A was blocked and the shutter to the 
probe beam was closed. The oscilloscope was set to trigger 
from the beginning of the single ruby laser pulse monitored by 
the fast photodiode. The shutter for the probe beam remained 
open for approximately 20 s, while the ruby laser was fired.
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The energy and full width at half maximum, FWHM, of each 
switching pulse were recorded. The oscilloscope traces were 
plotted. The response time, relative extinction, and delay 
time were calculated and recorded. The power of the incident 
probe beam was monitored as was damage to the array.
The method of measuring the response time and determining 
the relative extinction is represented in Figure 9. The 
response time was obtained by extrapolating the initial slope 
of the probe beam extinction curve to the maximum and 
background levels of the PMT output signal. The time measured 
between the intersections of the extinction slope with the 
maximum and noise levels is called the response time,T. The 
extinction ratio was calculated by dividing the amount of the 
output signal that was initially attenuated (length c) by the 
maximum output signal level (length d) as depicted in 
Figure 9. The extinction ratio was expressed as a percent to 
obtain the relative extinction, corresponding to the initial 
attenuation of the probe beam by the switch.
The response time of the switch was measured as a 
function of the fluence of the switching pulse. Fluence is 
defined as the energy per unit area (in squared centimeters) 
of the switching pulse at the array surface. The energy of 
the switching pulse was varied by changing the power supply 
settings of the ruby laser oscillator and amplifier. Aluminum 
screens were used to finely attenuate the switching pulse. 
The beam waist of the switching pulse at the front surface of
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the array remained fixed. The spot size of the switching 
pulse was obtained by measuring the diameter of a burn mark, 
produced by firing the switching pulse at a black piece of 
exposed photographic film located in the front plane of the
Figure 9. Extrapolation Procedure to Measure the Response 
Time and the Relative Extinction.
The response time of the switch was also measured as a
function of the liquid temperature. The energy and spot size
of the switching pulse were kept constant. The temperature
was varied from room temperature to within a few degrees
Celsius of the boiling point of the liquid.
The performance of the switch was studied as the surface 
of the CH array was damaged by multiple, high energy switching 
pulses. The Freon 11 liquid was held at room' temperature.
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The response time and the energy of the switching pulse were 
measured and recorded after each single switching pulse. This 
was repeated until a significant increase in the response time 
of the switch or a decrease in the signal-to-noise ratio of 
the PMT ’ s output was observed. About 50% of the probe signal 
was attenuated after each shot. The argon laser power and the 
voltage supplied to the PMT were increased to compensate for 
this attenuation of the probe beam. A small spot size of 0.7 
mm was used to minimize the intensity variations along the 
profile of the switching pulse, and to increase the accuracy 
of the energy measurement. An average fluence of 5 J/cm2 was 
used to induce switching and cause surface damage to the 
array. The energy fluence was above the activation threshold 
of the switch, so that more consistent response times were
produced.
CHAPTER V
RESULTS
The operation of three thermorefractive switches was 
studied. The effects of temperature on the response of the 
cells containing the CH array or the G array and Freon 113 
were examined. The fluence dependencies of these two cells, 
along with the CH array and Freon 11 cell, were also studied. 
The performance of the switch under conditions conducive to 
the repetitive damage of the CH array was also evaluated.
CH Array and Freon 113
The response time of a cell containing a CH array and 
Freon 113 was measured as a function of temperature. The 
profile of the switching pulse at the front surface of the 
array was a 1.7 mm by 1.5 mm ellipse. The average fluence 
incident on the array was 2.4 J/cm2. The mean full width at 
half maximum, FWHM, of the switching pulse was 86 ns. The 
data are shown in Table 3, in which the shaded areas represent 
the data with the highest relative extinction and the lowest 
response time. The highest probe beam extinction of 83 % 
occurred in 32 ns for a liquid temperature of 44 C
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and an fluence of 2.4 J/cm2. A preheated cell with a liquid 
temperature of 46 °C resulted in the fastest response time,
26 ns with 68 % extinction.
TABLE 3
TEMPERATURE DEPENDENCY MEASUREMENTS FOR THE CH ARRAY AND 
FREON 113 SWITCH
T (°C) t (ns) % Extinction Ecal <mJ> F (J/cm2)
21 54 67 580 2.6
27 50 66 550 2.4
30 42 67 550 2.4
34 40 68 540 2.4
38 31 64 540 2.4
39 39 49 500 2.2
41 39 83 490 2.2
42 28 69 540 2.4
44 32 83 530 2.4
45 33 77 540 2.4
45 130 56 520 2.3
46 26 68 560 2.5
46 28 72 550 2.5
47 27 47 550 2.5
The oscilloscope traces, showing extinction curves 
obtained for the highlighted data points, are shown in 
Figure 10. The oscilloscope traces used throughout this 
thesis represent the transmission of the probe beam through 
the cell relative to the activation of the switch by the 
switching pulse. The top trace is the output of the fast
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a) t = 32 ns, 83 % extinction, F = 2.4 J/cm2
b) t = 26 ns, 68 % extinction, F = 2.5 J/cm2
Figure 10. Oscilloscope Traces of Switching Using Heated 
Freon 113 and the CH Array.
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photodiode, which monitors the incident switching pulse. The 
bottom trace, called the extinction curve, is the inverted PMT 
output which shows the attenuation of the probe beam. The 
time period between the beginning of the switching pulse and 
the initialization of the probe beam attenuation is observed
in these extinction curves. The 18 ns transit time of the PMT
contained in the oscilloscope traces will be excluded from the 
delay times mentioned throughout this paper. The average 
delay of the data in Table 3 is 57 ns.
The response time for the CH array and Freon 113 switch 
combination is plotted against temperature in Figure 11. By 
raising the temperature of the liquid bath to just below the 
boiling point of the liquid, the response is lowered by about 
25 ns. The rate at which the response time changed with 
temperature is 1 ns/°C. The response time of the switch 
appears to decrease with an increase in temperature when the 
fluence is held near 2.5/cm2. This result agrees with the 
physical model of the switch. Preheating the liquid promotes 
optical absorption into the cladding material. The matrix of 
the array must be heated above the boiling point of the liquid 
for the nucleation of bubbles to occur. Also, if the liquid 
is held near the boiling point, less energy is required to
activate bubble nucleation.
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Figure 11. Plot of the Response Time Versus the Temperature 
of Freon 113.
The fluence dependence of the CH array and Freon 113 
switch was also studied. The Freon liquid was preheated to 
four different mean temperatures. The response data in 
Tables 4 and 5 are listed in order of increasing fluence for 
each liquid temperature. The data with the lowest response 
times and highest relative extinction are shaded. The average 
Freon temperature of the first data set was 27 °C. The mean 
diameter of the switching pulse was 1.4 mm. The fluence was 
varied from 750 mJ/cm2 to 1.2 J/cm2. The fastest response time 
obtained using a 1 J/cm2 fluence was 390 ns. However, only
25 of the signal was attenuated. The probe signal remained
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at this 25 % extinction level for approximately 1 gs before it 
slowly decreased to noise level. A high extinction of 91 % 
was obtained in 21 gs using a fluence of 1.1 J/cm2.
The liquid temperature of the second data set was 41 °C. 
The switching pulse had an average pulse width of 60 ns at 
FWHM, and a diameter of 1.3 mm. The fluence ranged from 
530 mJ/cm2 to 3 J/cm2. The highest extinction was 87 % with 
a response time of 4.4 ms, at a fluence of 660 mJ/cm2. 
Increasing the fluence to 2.9 J/cm2 lowered the response time 
to 110 ns. However, the attenuation of the probe beam was
lowered to 60 %.
The Freon bath was held at an average temperature of 
43 °C for the third data set. The average FWHM of the 
switching pulse was 65 ns with a diameter of 1.2 mm. The 
lowest response time was 41 ns with a 64 % extinction of the 
probe beam. The fluence was 1.3 J/cm2. The largest 
extinction ratio was 75 % with a 97 ns response time. A 
similar fluence of 1.2 J/cm2 was used.
An average liquid temperature of 45 °C and a longer 
switching pulse of 82 ns at FWHM were used in the last data 
set. The diameter of the switching pulse at the array surface 
was reduced to 0.8 mm. However, the diameter of the spot for 
each of the two data points at 2.3 J/cm2 and 2.4 J/cm2 was 
1.2 mm. The fluence of the switching pulse was increased to 
a range from 2 J/cm2 to 10 J/cm2. The fastest switching time
was 44 ns with a high extinction of 81 and a fluence of
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10 J/cm2. A slightly slower 48 ns response time with a 66 % 
extinction was obtained with a lower fluence of 5 J/cm2. The 
best extinction achieved was 85 % of the probe beam with a 
response time of 52 ns at an fluence of 8 J/cm2.
TABLE 4
FLUENCE DEPENDENCY DATA OF THE CH ARRAY AND FREON 113 SWITCH 
AT LOW TEMPERATURES
T (°C) Eca, (mJ) F (J/cm2) T (MS) % Extinction
28 130 0.8 73 76
26 130 0.8 160 89
— 130 0.8 60 54
25 150 0.9 1.7 23
23 160 1 31 39
30 170 1 10 72
32 180 1 14 79
23 180 1.1 0.4 25
31 190 1.1 21 83
40 70 0.5 14 59
42 70 0.6 7 —
42 90 0.7 4 87
41 100 0.7 4.4 79
42 110 0.8 2.5 47
40 110 0.8 6 —
42 630 2.8 0.2 60
40 660 2.9 0.1 60
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TABLE 5
RESPONSE DATA FOR THE CH ARRAY AND FREON 113 SWITCH AT HIGH 
TEMPERATURES
T (°C) Ecal (mJ) F (J/cm2) t (ns) % Extinction
43 50 0.9 130 28
43 70 1.3 120 50
43 90 1.7 90 49
43 110 2.1 70 68
44 580 2.6 170 60
43 150 2.7 100 75
43 170 3.0 40 64
43 240 4.3 60 72
45 250 2.0 180 —
45 250 2.4 1600 79
45 910 4.0 140 65
45 930 4.1 170 25
45 280 5.1 50 66
45 310 5.6 100 —
45 340 6.2 60 75
45 350 6.3 50 79
45 450 8.2 50 85
45 540 10 40 81
In general,
a trend towards
switching pulse 
temperature, the
slow decay rate,
Once the fluence
the extinction curves of the probe beam show 
steeper signal decay as the fluence of the
is increased. For data obtained near room
throughput was completely attenuated at a 
when fluences below 800 mJ/cm2 were used, 
reached 860 mJ/cm2, the probe beam signal
decay pattern changed shape. The probe transmission
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attenuated rapidly and then stabilized at a 75 % signal level. 
As the fluence increased to ~1.0 J/cm2, a larger fraction of 
the probe beam was rapidly attenuated, and the rest of the 
probe signal continued to fully attenuate at a slower rate. 
The extinction trend is shown in Figure 12. Note that Figure 
12c shows a large signal attenuation. The slow rate of 
attenuation in Figure 12a, which occurred at the lower 
fluence, could be the result of the change in the refractive 
index of the liquid without bubble formation. We conjecture
that most of the heat transferred at lower fluences was lost
through conduction and convection into the area surrounding 
the point of laser impact.
For the case with fast initial decay and low extinction 
in Figure 12b, we believe that the gas trapped within the 
microscopic fissures of the array surface coalesced into 
bubbles which do not grow large enough to cover the entire 
illuminated area of the array. Initially, the fluence was 
high enough to compensate for the heat losses inherent in the 
system. However, the bubbles remained in equilibrium with the 
surrounding area. The continued attenuation of the signal was 
probably the result of slower growth in the size of the 
bubbles. The deformation of the bubbles as they depart from
the surface may also cause this effect.
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c) Fast rate of attenuation and high extinction.
Figure 12. Extinction Trend of the Probe Beam for the CH 
Array and Freon 113 Cell Held at Room 
Temperature.
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The fast switch with high extinction in Figure 12c is
believed to be the result of the formation of bubble
nucleation over the entire surface area of the waveguides to 
the probe beam. The formation of these larger bubbles could 
be the result of the conversion of liquid Freon 113 into its 
vapor state.
One extinction curve was unique in shape. For this case 
the decay rate of the throughput increased, although both 
decay rates remained relatively slow. The extra heat produced 
by the probe beam laser after termination of the switching 
pulse could lead to this increase in the rate of attenuation. 
The curve is shown in Figure 13.
Figure 13. Extinction Curve Showing the Effects of Extended 
Heating by the Probe Beam.
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The data obtained using Freon 113 at temperatures of 43 
°C produced extinction curves showing an improvement in the 
attenuation of the probe beam as the fluence was increased. 
For a fluence of 900 mJ/cm2, the probe signal rapidly 
attenuated to a low 28% extinction. Following this, the decay 
rate of the probe signal greatly decreased, as shown in Figure 
14a. This result could be indicative of the coalescing of 
vapor trapped within the crevices on the array surface into 
bubbles which do not cover the illuminated area of capillary
cores. The slower rate of attenuation that occurs after the
bubbles form could be the result of the change in refractive 
index of the liguid induced by probe beam heating. Increasing 
the fluence to 2.1 J/cm2 resulted in better extinction. The 
extinction curve, shown in Figure 14b, indicates a slower rate 
of decay produced by a decrease in bubble growth. A large 
fluence of 4.3 J/cm2 yielded an extinction curve in Figure 
14c, representative of liquid to gas conversion.
Comparison of the data for Figures 13b and 14a shows that 
an increase in the liquid temperature improves the response 
time of the switch. The probe beams in both extinction curves 
are similarly attenuated; however, the response time of Figure 
14a is improved by a factor of 20. Since the fluence used to 
produce both curves was 900 mJ/cm2, the improvement in the 
response time must be caused by the increase in liquid
temperature from 25 ~C to 43 "C.
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c) Fast response time and high attenuation.
Figure 14. Extinction Curves for the CH Array with a 
Freon 113 Temperature of 43 C.
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The majority of the extinction curves representing the 
data taken for a liquid Freon temperature of 45 °C indicate 
bubble formation resulting from the conversion of a liquid 
into a gas. These results were obtained using fluences 
between 5 J/cm2 and 10 J/cm2. Some of the radiation from the 
switching pulse was detected by the PMT. Figure 15 shows the 
switching pulse leakage. This effect may reduce the accuracy 
of the response time measurements and increase difficulties in 
determining the delay times.
Figure 15. Switching Pulse Detection Prior to Switching.
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The trend towards faster response times with increasing 
fluence is clear in Figure 16. All the data in Tables 4 and 
5 were combined to produce this graph. It is seen that the 
behavior of the switch dramatically changes for fluences above
an activation threshold.
F (J/cm2)
Figure 16. The Activation Threshold Curve of the CH Array 
and Freon 113 Switch.
The activation threshold extrapolated from Figure 16 is 
~1 J/cm^. The average response time obtained with fluences 
above 4 J/cm^ is 60 ns. The response times seem to stabilize 
at a fluence above the activation threshold.
The activation threshold falls within the elbow region of 
the curve. The scatter in this area is probably the result of
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using different Freon temperatures to obtain the response 
measurements. The switching pulse quality may also affect the 
data in this case. The elbow region around the threshold 
fluence seems to be sensitive to the temperature of the 
1iquid.
To better study the effects of fluence on switch 
response, the temperature sensitivity of the thermorefractive 
cell was reduced by using activation curves for each 
temperature region tested. The response times for a Freon 
temperature of 27 °C in Table 4 are plotted against fluence in 
Figure 17.
Figure 17. Response Time Versus Fluence for a Cell Held Near 
Room Temperature.
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The activation threshold for a 27 uC liquid from
Figure 1'7 is 800 mJ /cm2. The graph fluctuates about a
response time of 10 ^s for fluences above threshold. The
fluence used in Figure 17 are below 1 J/cm2, and these
fluences fall within the elbow region of Figure 16, where the
switch is sensitive to thermal changes in the liquid. Since 
the temperature was well below the boiling point of Freon 113, 
the high minimum response time of 10 jxs was expected.
The fluence dependent response curves for the data sets 
obtained for liquid temperatures of 41 °C, 43 °C, and 45 °C 
are shown respectively in Figures 18, 19, and 20. These 
graphs show an improvement in the response times with 
increasing fluence. Again, the fluence falls within the 
temperature sensitive elbow region of the activation curve. 
The minimum 10 gs response time was improved to 100 ns by 
increasing the liquid temperature to 41 °C. A further 
improvement in response time was observed with the 43 °C and 
45 °C cells, where the response times remained below 180 ns 
with a minimum of 40 ns. The data points in these figures 
were in the tail of the elbow region of the activation curve, 
where the response becomes energy independent.
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F (J/cm2)
Figure 18 Activation Curve for a Freon 113 Temperature of 
41 °C.
51
F (J/cm2)
Figure 19. Response Time Versus Fluence Using a Freon 113 
Temperature of 43 °C.
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Figure 20. Activation Curve for a Freon 113 Temperature of 
45 °C.
53
CH Array and Freon 11
The response time of the switch containing the CH array
and Freon 11 was measured as a function of fluence. The cell
was kept at room temperature, near the boiling point of Freon 
11. Table 6 combines two sets of data and highlights the data 
with the highest extinction, fastest response time, and best 
overall performance. The switching pulse spot size used to 
obtain the first data set was 1.5 mm, and the average 
switching pulse width at FWHM was 85 ns. The shortest delay 
time was 26 ns. Full extinction was achieved in 103 ns, as 
shown in the first shaded data block. The switching pulse 
waist used in the second experiment was 1.2 mm in diameter, 
and the average pulse width at FWHM was 32 ns. An extinction 
of 82 % occurred in 67 ns and the delay time was 86 ns. The 
fastest response time was 24 ns for a 59 % signal reduction 
and the delay time was 45 ns. The oscilloscope traces 
associated with the shaded data points are shown in Figure 21. 
The 24 ns response time is in agreement with the physical 
model which would predict a 20 ns response time for a 20 jzm 
diameter core. Because of the low boiling point of Freon 11, 
this fast switching time was achieved without the use of an
external heater.
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TABLE 6
RESPONSE MEASUREMENTS AS A FUNCTION OF F1UENCE FOR THE CH 
ARRAY AND FREON 11 CELL
Eq.1 (mJ) F (J/cm2) t (ns) % Extinction
140 0.7 1,100 58
160 0.8 360 —
180 0.9 65 81
170 1 42 49
180 1.1 33 68
200 1.2 30 64
240 1.2 110 -100
240 1.2 100 -100
230 1.3 33 64
240 1.4 37 69
240 1.4 60 61
280 1.7 42 67
290 1.7 35 56
290 1.7 37 56
290 1.7 24 59
300 1.8 120 37
330 2.0 37 45
340 2.0 76 76
360 2.1 42 45
370 2.2 67 82
350 3.3 270 48
470 4.4 72 67
500 4.7 48 70
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b) 6 = 44 ns, F = 1.7 J/cm2, t = 24 ns.
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Figure 21. Oscilloscope Traces Showing Different Delay Times.
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The response time is plotted against fluence in 
Figure 22. The first data set is represented by the solid 
circles. Only a few data points are included in this data 
set, because some of the switching pulse light leaked into the 
detection system. The hollow circles represent the second
data set.
Figure 22. Response Time Versus Fluence Using Freon 11 at 
Room Temperature.
Figure 22 shows a rapid decrease in the response of the 
switch at fluences between 700 mJ/cm2 and 900 mJ/cm2. 
Initially, the response time decreases at a rate of 5 ns per 
1 mJ/cm2. Once the fluence reaches -920 mJ/cm2, the increase
in the fluence level seems to have little affect on the
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response time. The majority of the response times seem to 
concentrate around a low, 36 ns response. This result implies 
that an activation threshold of -920 mJ/cm2 is required to 
achieve a fast response time near the predicted minimum values 
by this unheated Freon 11 and CH array thermorefractive
switch. Since a further increase in the fluence does not
improve the switching rate, it will be necessary to 
investigate other methods of improving the response time and 
signal extinction.
G Array and Freon 113
The response of a cell containing the G array and 
Freon 113 was measured as a function of temperature using two 
different fluences. The average fluence of the first set of 
data in Table 7 is 430 mJ/cm2. The spot size of the switching 
pulse was elliptical with an area of 0.03 cm2. The probe beam 
incident on the array was maintained at a power of 940 mW. 
The average delay time was 33 ns. The data point with a good 
performance at this low fluence had a high 93 % signal 
extinction and a slow 8 ms response. In the second data set, 
the average fluence was 1.1 J/cm2 with a circular switching 
pulse spot of 0.04 cit area. The probe beam was maintained at 
a lower power of 200 mW. A fast 75-ns response time was 
obtained using the higher fluence; however, only 62 % of the
signal was attenuated.
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TABLE 7
RESPONSE DATA AS A FUNCTION OF TEMPERATURE USING THE G ARRAY
T [°C] T [gs] % Extinction Eea, [mJ] F [mJ/cm2]
22 0.3 70 980 3.6
22 3 74 360 1.3
22 0.4 45 360 1.0
26 13 78 110 0.4
27 0.3 45 380 1.1
28 0.2 77 370 1 . 1
28 15 86 110 0.4
29 18 79 70 0.3
29 0.4 29 350 1.0
30 0.3 62 360 1.0
31 12 93 110 0.4
33 0.2 60 370 1.1
34 0.2 60 380 1 . 1
35 0.3 72 360 1.0
37 8 93 130 0.5
37 0.1 52 370 1 . 1
38 14 94 120 0.5
39 0.1 62 380 1.1
40 0.4 56 370 1 . 1
41 5.2 27 130 0.5
42 0.4 52 380 1. 1
43 3 3 150 0.6
44 0.3 52 340 1 . 1
45 0.2 48 360 1.0
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The response times are plotted against the temperature of 
the liquid Freon 113 in Figure 23. The solid circles 
represent the first data set obtained with low incident 
switching pulse fluences. The higher fluences of the second 
data set are represented by the hollow circles.
Figure 23. The Response Time of the G Array as a Function of 
Freon 113 Temperature.
Two patterns were observed in Figure 23. The data 
obtained at the lower fluences produced microsecond response 
times. A progression towards faster response times was 
observed as the liquid approached its boiling point. The 
scatter in the data may result from the repositioning of the
cell before each data point was taken. The array was
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translated across the focal plane of the two beams, so that 
the deactivation of the cavities from the previous test did 
not reduce the response time. The array was tilted to obtain 
a maximum probe signal because the waveguides were cut at an 
8° angle to the surface normal. Because of this tilt, the 
array surface at the new location was no longer in the focal 
plane of the two beams. To compensate for this beam 
separation, the cell was translated along the propagation 
direction of the probe beam until the two beams overlapped. 
Sometimes the tilt of the cell had to be adjusted to maintain 
maximum signal. Although the two beams overlapped, the probe 
beam may not have always overlapped the switching pulse at the 
same location. Energy variations across a single switching 
pulse profile augment this problem and add to further scatter
in the data.
The response times obtained using the higher fluence 
fluctuated about a 300 ns response time over the entire 
temperature range. Thus, the fluence employed may be well 
above the activation level. This expectation is verified in 
Figure 24, which plots these response times as a function of 
fluence. The graph yields an activation threshold of 
600 mJ/cmt The response time fluctuates about a 300 ns
response time at fluences well above the threshold level.
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Figure 24. Response Time Versus Fluence Over a Range of 
Freon 113 Temperatures.
The response time of a cell containing the G array and 
Freon 113 was measured as a function of the energy fluence. 
The switch was operated at low fluences between 64 mJ/cm2 and 
730 mJ/cm2. The liquid bath was preheated to 46 C near the 
boiling point of Freon 113. The probe beam power was 600 mW, 
and the diameter of the probe beam at the array surface was 
250 ptm. The diameter of the switching pulse at the front
surface of the array was 3.2 mm. The array was translated
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across the focal plane of the two beams, because damage spots
were observed after most of the trials. The data are shown in
Table 8.
TABLE 8
RESPONSE DATA FOR THE G ARRAY AS A FUNCTION OF FLUENCE
(mJ) F (mJ/cm2) T (MS) % Extinction & (ns)
60 60 12 74 1,300
80 90 9.5 67 160
90 100 1.3 23 60
160 180 0.5 20 60
200 230 0.7 29 100
250 280 0.9 50 —
330 370 0.3 45 100
560 620 0.2 56 110
650 730 0.2 42 160
Although the fraction of the probe signal that was 
initially attenuated remained below 74 %, the probe beam 
continued to attenuate to the background level. The 
extinction curve of the probe signal showed two different 
rates of attenuation. The initial slope, used to measure the 
response of the switch, was usually steeper. The second slope 
was flattened, indicating a slower attenuation rate. The slow 
response and high attenuation, for the first two data sets may 
represent attenuation from the change in refractive index with 
a change in temperature without converting the liquid to a
vapor.
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The next three data points produced extinction curves 
with faster initial responses, of ~20 % extinction. The 
signal remained at the 20 % extinction level for a short time 
before it slowly approached the background signal level. This 
initial response may represent the formation of bubbles
smaller than the core diameters. The slower attenuation
process may be associated with the change in refractive index 
caused by the probe heating of the liguid. This process 
suggests that a minimum fluence of 110 mJ/cm2 is required to 
coalesce the gas absorbed in the microscopic fissures on the 
surface of the array into a bubble.
In the extinction curves for the last four data points, 
the probe beam signal rapidly dropped to the 50 % extinction 
level and was fully attenuated within ~1 /is. This result 
suggests that bubbles smaller than the diameters of the 
waveguides were formed and that their rate of growth 
decreased. Figure 25 shows the extinction curves representing 
each of the three processes described above.
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a) Gradual attenuation of the probe beam.
b) Fast initial response time with low extinction.
c) Fast initial response time with high extinction.
Figure 25. Extinction Curves Produced Using Low Fluences.
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The response time for the G array and Freon 113 cell is 
plotted against fluence in Figure 26. This activation curve 
shows that a minimum response time is obtained when the 
fluence is near the activation threshold.
Figure 26. Response Time Versus Fluence at 46 °C.
The activation threshold was 110 mJ/cm2. The response
times fluctuate about the 330 ns level at fluences above 
threshold. This observed 330 ns response time is about 
13 times slower than the minimum response time of 25 ns 
predicted by the model. Since the liquid bath was preheated 
to a temperature conducive to rapid switching times, the low 
fluence of the switching pulse probably caused the slow 
response times. Therefore, larger fluences should improve the
response times.
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Damage
Poor ruby laser quality may have resulted in response 
times which are slower than the ones predicted by the model. 
An examination of the burn marks showed strong intensity 
variations across the profile of the focused switching pulse. 
High energy v-shaped regions resembling coma aberrations were 
present in the burn marks. Figure 27 shows this beam 
irregularity. The white regions of the variegated mark are 
areas of highest intensity, while the black regions represent 
the unexposed photographic film. The small white circle 
represents the probe beam. The reproducibility of this 
irregular burn mark suggests that the intensity variations 
were caused by aberrations in the optical system or by 
contaminated surfaces in the cavity of the switching pulse 
laser, and that the variations in the emulsion thickness of
the photograph have negligible effect on the shape of the burn 
marks. If the probe beam, which was focused to a smaller 
diameter than the switching pulse, overlapped the lower energy 
regions of the switching pulse, the response time would be 
slower. Thus, the recorded energy integrated over the entire 
width of the switching pulse may have resulted in an 
overestimation of the energy of the fraction of the switching 
pulse that induced switching. Also, if the probe beam 
overlapped different intensity regions of the switching pulse, 
partial extinction would be observed.
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Errors in the fluence measurements may also have been the 
result of array translation. The 8° angle of the waveguide 
associated with the microchannel plate required tilting the 
cell to obtain maximum signal. The horizontal translation of 
the array after each switching pulse trial may have altered 
the spot size of the laser beams at the front face of the 
array. It may also have changed the relative positions of the 
two beams with respect to each other, resulting in an 
overestimation or underestimation of fluence values. However, 
the underachieved response times and the effect of intensity 
variations in the switching pulse indicate that the fluence
values were not underestimated.
Figure 27. Probe Beam Centered in the Irregular Burn Mark of 
the Focused Switching Pulse.
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Effects of Multiple Switching Pulses 
The effects of damage by multiple switching pulses on the
response time of the thermorefractive switch were studied. 
The cell contained unheated Freon 11 and the CH array. The 
fluence was maintained at an average of 4.6 J/cm2. The array 
was susceptible to damage at this high fluence. A plot of 
response time versus the number of pulses at a given location 
on the array is shown in Figure 23.
x (ns)
igure 28. Response Time Versus the Number of Consecutive 
Switching Pulses.
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The response time of the switch remained relatively 
constant for up to 12 consecutive pulses. Studies of the 
damaged CH array were made by Steven L. Prins. A microscopic 
view of the array surface showed bleached and shattered glass 
particles at the point of laser impact. The damaged areas 
were enlarged as the number of incident pulses was increased. 
Figure 29a shows a damaged CH array after one exposure to the 
switching pulse. The figures are magnified 200 times. The 
actual size of the damaged area was approximately 0.25 mm in 
diameter. The depth of focus of the damage pit was less than 
2 gm. Figure 29b shows a damaged area on the CH array which 
had been subjected to several switching pulses. The dark 
region on the damage pattern is a hole 25 ^m deep. Inspection 
of the cell showed glass fragments floating in the liquid. 
The shattered glass may have been cleared away by each laser 
pulse, which redamaged the array and caused a pit to form in 
the array surface. The damage after the 12th pulse was large 
enough to adversely affect the response of the switch. The 
damage also caused an average 50 % reduction in signal that 
occurred after each laser pulse. The localized decrease in 
the refractive index of the fluid near the point of laser 
impact may also have caused a slight signal attenuation.
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a) Result of one exposure to the switching pulse laser
’••j
b) Result or glass removal after multiple exposures to the 
switching pulse laser.
Figure 29. Damage on a Collimated Holes Array.
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Data Analysis
The scatter in the reported measurements is due to 
uncertainties in the underlying fluence, temperature, and 
response time measurements. The switching pulse fluence 
values had a 55-60 % accuracy, while the temperature and 
response time measurements were accurate to about 20 % and 
10 %, respectively. The large uncertainty in the fluence
measurements resulted from the difficulties involved in
aligning the switching pulse with the array surface and the 
probe beam.
The uncertainty in the fluence values is attributed to 
the spot size and energy measurements of the switching pulse. 
The use of a graticule to measure the burn mark of the 
switching pulse introduced a 20 % error to the spot size,
while an additional 10 % error was introduced from the
estimation of the array position on the cell mount during 
alignment. If the actual array position was in front of the 
estimated location, the fluence would have been overestimated, 
resulting in a higher activation threshold. This correction 
factor, used to obtain the energy of the reflected switching 
pulse from the energy of the pulse transmitted into the 
calorimeter, gives a 10 % uncertainty to the energy 
measurements. An additional 5-10 % uncertainty is introduced 
by the degree to which the probe beam and switching pulse are 
overlapped. A slight misalignment of the two beams may have 
allowed the probe beam to pass around the focused switching
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pulse and through the array without being switched. This 
effect of separation of the beam centers caused a reduction in 
the relative extinction of the probe signal, which would be 
amplified by an irregular profile of the switching pulse. If 
the more intense portion of the switching pulse was completely 
separated from the probe beam, slower response times would be 
recorded; and the fluence threshold would be overestimated, 
since the higher energy portion of the beam was used to 
determine the fluence of the switching pulse.
Temperature variations throughout the cell may cause much 
of the scatter in the data collected for response measurements 
as a function of temperature. Although the thermometer 
accurately measured the mean temperature of the liquid near 
the thermometer, hot spots existed throughout the cell, 
especially near the heating coils and at the point of contact 
between the probe beam and array. The higher temperature 
regions at the coils should not have affected the experimental 
results. Instead, they caused a premature evaporation of the 
Freon. The temperature difference between the liquid at the 
thermocouple and the localized hot spots around the array 
created by the probe beam resulted in an underestimation of 
the temperature associated with fast switching times. The "on 
time" of the probe beam was controlled to make this 
temperature change consistent throughout the experiment, 
reducing the scatter in the data. Translation of the array to
a new cooler location also helped control this temperature
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difference. However, realignment after array translation 
sometimes required long cell exposures to the probe beam. 
This exposure may have increased the temperature difference. 
However, long radiation exposures may have increased the 
overall temperature of the cell. Calibration tests would be 
necessary to determine the effects of the liquid exposure to 
the probe beam on the liquid temperature. An instability in 
the argon laser power may have also added to scatter in the 
data. The time spent measuring and recording response time 
measurements varied between test runs, and this cool down time 
may have also caused changing temperature differences during 
experiments.
CHAPTER VI
DISCUSSION
Two important factors in the formation and development of 
bubbles are the fluence of the switching pulse being converted 
into heat to induce a phase change in the liquid, and the 
temperature of the liquid being converted into vapor. Studies 
of the fluence dependency of the switch have placed a lower 
limit on the fluence required for efficient operation of the
switch. This limit has been called the activation threshold, 
FT. The response time was greatly improved with increasing 
fluence until the threshold was reached. After a further
increase in fluence above threshold, the reduction of the
response time of the switch decreases, until it fluctuates
about some average response time. This reduced sensitivity to
fluence is caused by the achievement of response times near
values predicted by the simple model described earlier.
Table 9 lists the activation threshold, F?, the fluence rate
of change of the response time below threshold, the average
minimum response time, t , and the minimum response time,
t , recorded for the cell combinations studied, min'
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TABLE 9
ENERGY DEPENDENCY OF THE SWITCH COMBINATIONS
F, (J/cm2) dr/dF
(ns/mJ/cm2)
T curve <nS> r - (ns)
G/F113 0.11 270 330 @ T ~ Tbp 210
0.60 83 300 @ all T 75
CH/F113 1 4000 all T 41
CH/F11 0.92 5 66 @ T ~ Tbn 24
Comparison of the data in Table 9 shows that the cell 
containing the CH array performed better than the cell with 
the G array. Although the activation threshold of the G array 
was lower than that of the CH array, the response times of the 
G array were much slower. The cells containing the CH array 
and either liquid responded quickly to the switching pulse. 
However, the minimum response times of the cell with the CH 
array and Freon 113 required preheating the liquid to 
temperatures near the boiling point. The low boiling point of 
Freon 11 eliminated the need for such heating. The large 
4 gs/(mJ/cm2) fluence rate for response times for the CH array 
and Freon 113 cell was the result of using liquid temperatures 
below the boiling point of Freon 113. The low 5 ns/(mJ/cm2) 
fluence rate for the response time also made the CH array and
Freon 11 combination a better candidate for use as a
thermorefractive switch. Even operation of the CH array and
Freon 11 cell at fluences below threshold resulted in
relatively fast (-50 ns) switching times.
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The minimum response times listed in Table 9 can be used 
to compare the results to the theoretical model. According to 
the model on bubble formation, the ratio of response times for 
each array in a given liguid should be equal to the ratio of 
core diameters for each array. For Freon 113, the observed 
minimum response time ratio is 1.8, while the core diameter 
ratio is 1.7, in good agreement. The 25 gm and 15 gm core 
diameters of the G array and CH array, respectively, represent 
the maximum bubble size for complete switching.
The effect of liquid temperature on the minimum response
time and the activation threshold is shown in Table 9.
Increasing the liquid to a temperature near the boiling point 
decreased the response time and the activation threshold. For 
example, the activation threshold was reduced by ~8 %, and the 
response time was lowered by 40 percent.
The data presented have also shown that an increase in 
temperature improves the operation of the thermorefractive 
switch by decreasing its response time. The results showed 
that the temperature of the liquid plays a more significant 
role in decreasing the response time of the switch when lower 
fluences were used. The rate of change of the response time 
with respect to a change in the temperature of Freon 113 for 
various switching pulse fluences is shown in Table 10.
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TABLE 10
TEMPERATURE DEPENDENCY OF THE SWITCH RESPONSE TIMES
dT/dT (ns/°C) F (J/cm2)
CH Array 1 2.4
G Array 12 1.1
800 0.43
A rate of 1 ns/°C was obtained using the CH array and a 
fluence above threshold of 2.4 J/cm2. A larger temperature 
dependence was observed with the G array, which changed at a 
rate of 12 ns/°C using a fluence slightly above threshold of 
1.1 J/cm2. The temperature sensitivity of the G array switch 
became more prominent using a low fluence near threshold of 
430 mJ/cm2, for which the rate of change increased to 
800 ns/°C. This result is in agreement with the model of the 
switch operation, which states that less energy is required to 
form bubbles as the temperature of the liquid bath approaches 
the boiling point. Low fluences may not provide enough heat 
to change the phase of the Freon at room temperature, while 
these fluences may have enough to produce boiling at high 
temperatures.
The effects of switching pulse fluence and liquid 
temperature can be observed directly from the probe beam 
extinction curves. These extinction curves showed three basic
stages of development as the fluence and temperature were
increased: (1) a gradual attenuation to the background signal
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level, (2) a rapid initial decay to ~20 % extinction level, 
followed by a slow rate of attenuation to background signal 
level, and (3) a rapid decay to the background signal level. 
The first stage occurred using switching pulse fluences below 
threshold with liquid temperatures much less than the boiling 
point, and using fluences much lower than threshold with 
temperatures near boiling point. These conditions may have 
resulted in a change in the liquid refractive index associated 
with the preliminary stages of bubble nucleation. A long 
delay time was occasionally observed in Stage 1, where the 
heat dissipation into the liquid and array was large with 
respect to the switching pulse fluence. For one case shown in 
Figure 13 of Chapter V, the extended probe beam heating caused 
an increase in the rate of attenuation. Instead of nucleating 
bubbles, the extended probe heating promoted an increase in 
the rate of change in the refractive index.
The second stage of the extinction curves occurred using
fluences near threshold with a cool environment in which the
liquid temperature was much less than the boiling point, or a 
hot environment in which the liquid temperature was 
approximately equal to the boiling point. Under these 
conditions, the vapor trapped within the microscopic fissures 
of the array may have coalesced into small bubbles. The total
diameter of these bubbles was less than the size of the
illuminated capillary entrances of the array. The formation
of these bubbles caused the rapid decay to a low extinction
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level. These bubbles remained in thermodynamic equilibrium 
with the surrounding fluid, preventing the signal from 
dropping below the 20 % attenuation level. After the 
termination of the switching pulse, extended probe beam 
heating induced a change in the refractive index of the 
remaining liquid, which caused the gradual probe beam 
attenuation following the rapid decay.
The extinction curves in Stage 3 occurred using switching 
pulse fluences above threshold with liquid temperatures much 
less than the boiling point, and fluences much greater than 
threshold with a temperature near the boiling point. Under 
these conditions, larger bubbles may have formed from the 
conversion of Freon into vapor. The total diameter of the 
bubble completely covered the illuminated portion of the
array.
The extinction curves, which depict the transition from 
Stage 2 to Stage 3, showed an increase in the initial fraction 
of the rapidly attenuated probe signal followed by a 
moderately fast decay rate. The improvement to the extinction 
level in Stage 2 was the result of larger bubble formation. 
These bubbles may have been formed out of the air dissolved in 
the liquid as the Freon was poured into the cell. The 
moderate rate was probably caused by the reduced growth rate 
of the bubbles. Additional probe heating may have promoted
the bubble expansion.
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Conclusions
Fast, nanosecond response times for the thermorefractive 
switch were demonstrated. Minimum response times of 75, 41 
and 24 ns were obtained for cells containing the G array and 
Freon 113, the CH array and Freon 113, and the CH array and 
Freon 11 combinations, respectively.
An increase in the switching pulse fluence was shown to 
improve the performance of each of the three switches. 
However, the results showed a decrease in the rate of change 
in the response time with respect to a change in fluence, as 
the fluence was increased above a critical fluence, called the 
activation threshold. The measured thresholds were 1 J/cm2 
for the CH array and Freon 113 cell, 920 mJ/cm2 for the CH 
array and Freon 11 switch, and 600 raJ/cm2 for the G array and 
Freon 113 combination.
The results showed an improvement in the response time 
with respect to an increase in temperature for cells 
containing the CH array or the G array with Freon 113. The 
thermorefractive switch was most sensitive to changes in 
liguid temperature when switching pulse fluences below 
threshold were used, as shown in Figure 14. The change in 
response time with respect to a change in temperature
decreased as the fluence increased. The switch was shown to
operate most efficiently when the temperature of the liquid 
Freon was held near the boiling point. Maintaining the Freon 
temperature near the boiling point promoted optical absorption
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into the array cladding, facilitating bubble nucleation and 
reducing the switching pulse fluence required to activate the
switch.
The response of the thermorefractive switch was limited 
by the time required for a bubble to grow to the capillary 
dimensions; this time is given by the ratio of the capillary 
size to the speed of sound in the liquid. The observed 
minimum response time ratio for the Ch array and G array in 
Freon 113 showed good agreement with the calculated core 
diameter ratio of the arrays.
The thermorefractive switch operated most efficiently 
when the temperature of the liquid bath was maintained near 
its boiling point, and when a fluence greater than or equal to
the activation threshold of the device was used to induce
switching. The cell which performed best under these 
conditions consisted of the CH array and Freon 11. The low 
boiling point of Freon 11 eliminated the need for an external 
heater. The small change in response time with a change in 
fluence and the fast (~50 ns) response times associated with 
fluences below threshold also made the CH array and Freon 11 
cell a good candidate for use as a thermorefractive switch.
The performance of the device under repetitive operation 
was degraded by damage to the array. The effects of damage to 
the array surface initiated a small reduction in throughput
after the twelfth trial.
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Recommendations
The scatter in the data suggests the need for
improvements to the experimental system, although fast
response times near the predicted minimum values were
measured. These recommendations cover (1) means of improving 
the accuracy of the switching pulse fluence and liquid 
temperature measurements; (2) suggestions for improving the 
performance of the switch and the data analysis; and (3) areas 
of investigation for the better understanding of the switch 
operation.
The accuracy of the switching pulse fluence could be 
improved in three ways. First, the quality of the switching 
beam profile should be improved by cleaning the optics in the 
laser cavity and aligning carefully selected lenses to reduce 
the aberrations. Reducing the size of the switching pulse 
beam waist at the array surface may also reduce the effect of 
a poor beam profile. Second, the accuracy of the spot size 
measuring technique should be increased. The use of thermal 
paper designed to burn uniformly due to the impact of high- 
energy laser pulses is a relatively inexpensive method for 
improving accuracy. The spot size could then be measured by 
translating the burn mark across a cross hair reference viewed 
under a microscope. A more expensive method to measure the 
beam waist and profile is through the use of specially 
designed equipment. Third, alignment of the array surface
with the focal plane of the switching beam should be improved.
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Redesigning the cell so that the position of the array for 
each trial is known, and computing the new position of the 
focal plane (displaced by the glass and liquid media) should
reduce the error in the fluence measurements.
The accuracy of liquid temperature measurements could be 
improved by eliminating extended probe beam heating. This can 
be done by synchronizing the activation and open time interval 
of the probe beam shutter with the switching pulse. The 
allotment of a cool down period after alignment between trials 
and array translation across the focal plane of the switching 
pulse and probe beam to a cooler portion of the array surface 
could also yield improvements. The thermal gradients along 
the heating wire, from which the bubbles escape across the 
array surface and interfere with the data, should be 
eliminated by redesigning the heating apparatus or decreasing 
the rate at which the liquid is heated. The latter method may 
cause a delay between trials.
Methods for analyzing the data should be modified. Using 
a computer to coordinate data collection would improve the 
accuracy and speed of present measuring techniques. Also, the 
computer could be programmed to remove the PMT transit time 
from the PMT output so that the start of probe beam switching 
with respect to the switching pulse could be observed.
The performance of the switch could be improved in many 
ways. Direct heating of the array would reduce the optical
fluence required to raise the wall temperature above
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saturation and increase the initial bubble growth rate. 
Injection of gas into the liquid would promote larger bubbles, 
while pressurization of the cell would facilitate bubble 
nucleation by decreasing the surface tension at the liquid- 
vapor interface and decreasing the liquid temperature required 
for boiling. Choosing liquids with low thermal conductivity 
and low surface tensions would also help facilitate boiling. 
The introduction of a new array would greatly improve switch 
performance. The new array would consist of a bundle of 
clear, solid fibers etched below the surface of the cladding. 
The refractive index of the solid core should be much larger 
than the refractive index of the cladding to increase the 
throughput. The throughput could also be improved with a 
large clear-area-ratio array. The cladding should be made of 
a highly absorbing and refractory material to promote fast 
response times without array damage. The cladding and core 
materials should have low thermal expansions, especially since 
solid fibers do not allow space for thermal expansion as do 
hollow capillaries. The cladding should be rough and should
extend in front of the core to increase the number of
nucleation cavities. The recess depth of the fiber should be 
limited so that bubbles do not get trapped and prevent switch 
recovery. The core diameters should be decreased to lower the 
minimum response time, but the production of smaller cores 
with current technology limits the clear-area-ratio.
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Investigation of other areas of operation of the 
thermorefractive switch should be pursued. Studies on the 
delay and recovery times should be made. The optical density 
of the switch should be investigated, since the limited 
sensitivity of the current experimental setup could not
resolve the minimum level of extinction. The fraction of the
ruby laser radiation that passes through the switch should 
also be measured. The switch should be characterized by the 
wavelength and incident angle of the switching inducer. A 
further theoretical inquiry into the three sources of bubble 
nucleation, growth, and collapse, and their effect on the 
switch should also be pursued.
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